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The genes of aspartyl-tRNA synthetase (AspRS) from two Thermus thermophrlus strains VK-1 and HB8. have been cloned and sequenced. Their 
nucleottdic sequences code for the same protein which displays the three characteristtc motifs of class II aminoacyl-tRNA synthetases. This enzyme 
shows 50% Identity with Escherichlu cob AspRS. over the totality of the chain (580 ammo acids). A comparison with the eukaryottc yeast cytoplasmtc 
AspRS indicates the presence in the prokaryotic AspRS of an extra domain between mottfs 2 and 3 much larger than m the eukaryottc ones. When 
its gene is under the control of the tar promoter of the expression vector pKK223-3, the protem is effictently overexpressed as a thermostable protem 
in E cob. It can be further purtfied to homogeneity using a heat treatment followed by a single amon exchange chromatography. Single crystals 
of the pure protein. diffractmg at least to 2.3 A resolutton (space group P2,2,2,. u = 61.4 A, b = 156.1 A, c = 177.3 A) are routinely obtained. The 
same crystals have previously been described as crystals of threonyl-tRNA synthetase [l]. 
Aminoacyl-tRNA synthetase; Aspartyl-tRNA synthetase; Thermus rhermophdus; Crystalhzatton 
1. INTRODUCTION 
Aminoacyl-tRNA synthetases (aaRS) are ubiquitous 
enzymes that play a key role in the translation process 
by specifically charging tRNAs with their cognate 
amino acids. Based on mutually exclusive sets of signa- 
ture sequences, the twenty aaRS can be partitioned into 
two classes [2]. So far, five crystal structures of aaRS in 
their free state or complexed with their cognate tRNA 
have been determined. Three of them belong to class I 
(MetRS, tRNAG’“-GlnRS and TyrRS [3-5]), two of 
them are members of class II (SerRS and tRNAAsp- 
AspRS [6,7]). Their tertiary structures have revealed 
that the binary classification might be associated to 
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Ahbreviutions. aaRS, aminoacyl-tRNA synthetase, AsnRS, AspRS, 
GlnRS, LysRS. MetRS, ThrRS and TyrRS. asparaginyl-, aspartyl-. 
glutaminyl-, lysyl-, methionyl-, threonyl- and tyrosyl-tRNA synthe- 
tase, respectively: ec, Escherichra cob. tt. ThermuJ thermophilus; y. 
yeast cytoplasmic; ym, yeast mitochondrial; IPTG, isopropyl-p- 
thiogalactopyranoside; bp. basepair( kb. kilobasepair(s). 
structural and functional characteristics of their ATP 
binding site and of the tRNA acceptor stem recognition 
mode. However, whether the recognition pattern of 
these substrates i  or is not conserved among aaRS from 
different origins, specific for a given amino acid, re- 
mains to be established. 
The 3D structure of the complex tRNAAsP-AspRS 
from Succharornyces cerevisiae is known at 2.9 A resolu- 
tion and five primary AspRS sequences are available: 
Escherichia coli (ec) [S]. S. cerevisiae cytoplasmic (y) [9]. 
and mitochondrial (ym) [lo], Homo sapiens [l l] and 
Rattus norvegicus (rat) [12]. In addition, an open read- 
ing frame likely to correspond to AspRS was recently 
evidenced in the genome of Caenorhabditis elegans 
(EMBL accession number 219152). Sequence compari- 
sons indicate that eukaryotic and prokaryotic AspRS 
form two sub-groups of higher similarities, each with 
higher similarities than the other one. Has this partition 
a structural and/or functional basis? The study of the 
crystal structure of the E. coli AspRS has been under- 
taken to answer such a question (Boeglin et al., in prep- 
aration). 
Meanwhile, during parallel investigation of the crys- 
talline ThrRS from Thermus therntophilus [l], we found 
that the crystallized protein behaved in fact as an 
AspRS. The high diffracting power as well as the sta- 
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bility of the crystals in the X-ray beam prompted us to 
continue the study of this thermophilic system. We re- 
port here the cloning and sequencing of T. thermophilus 
AspRS gene (tt aspS) from two strains (VKl and HBS). 
The encoded protein was overexpressed in E. coli, puri- 
fied and single crystals of this protein, suitable for high 
resolution crystallographic investigation, were ob- 
tained. 
2. MATERIALS AND METHODS 
2.1. Enzymes and chenacals 
RNase A was purchased from Worthington (UK), T4 polynucleo- 
tide kinase from New England Biolabs. T7 DNA polymerase. exonu- 
clease III, nuclease S 1, Taq DNA polymerase and unlabeled deoxyri- 
bonucleotide triphosphates from Pharmacia LKB (Uppsala. Sweden). 
Bovine alkaline phosphatase and IPTG were obtained from Appli- 
gene. Restriction endonucleases, lysozyme, unfractionated ec tRNA 
and T4 DNA hgase were from Boehringer Mannheim. [‘“C]r-Aspartic 
acid was from CEA (France), [a-“P]dATP and [“S]dATPaS were 
from Amersham. The ion exchange trimethylaminoethyl EMD col- 
umn was from Merck and the Centricon apparatus from Millipore. 
2.2. Selection of a probe 
The sequence of the first 52 amino acids of the protein was deter- 
mined from dissolved crystals of ttAspRS, previously believed to be 
ThrRS. Two oligonucleotides derived from this sequence were syn- 
thesized taking into account the codon usage in tt (GGAATTC- 
ATGCG(C,G)CG(C.G)AC(C,G)CACTACGC(C,G)GG(C,G)(A.T)- 
(C.G)C and GGAATTC(C,G)GGGTG(C,G)GC(C,G)AC(C.G)AGC- 
TG(C,G)AC(C,G)AG(C,G)CCCTC). Genomic DNA were obtained 
from the tt strains VKl and HB8 (kindly provided to us respectively 
by Dr. M. Springer (Paris) and Prof. M. Sprinzl (Bayreuth)) and was 
prepared by the method of Harris-Warrick et al. [13]. Then, a polym- 
erase chain reaction (PCR) experiment was performed with 5 pg of 
each DNA and 25 pmol of the above oligonucleotides (30 cycles of 
amphfication; 94°C for 1 min, 55°C for 2 min, 72°C for 2 mm). The 
amplified fragment was further cloned into M13mp18 [14] and se- 
quenced by the dideoxy chain termination method [l5]. 
2 3. Cloning oJ the gene 
The tt asps genes, encodmg ttAspRS, were cloned using similar 
approaches. For simplicity, we will describe only the strategy used to 
clone the VKI gene. 
From the sequence obtained from the amplified fragment. a 35-mer 
oligonucleotide was synthesized, labeled with [y-“P]ATP [16] and used 
as a hybridizing probe. When genomic tt DNA was analysed by 
Southern hybridization. a strong signal was reproducibly obtained 
from a 5 kb Hind111 fragment. Consequently. the HIndI fragments 
with a size of approximately 5 kb were partially purified by gel filtra- 
tion according to [17], and inserted mto the Hind111 site of plasmid 
pBluescript BS SK’. After transformation of E. coli strain JMlOlTR 
[18], positive clones were screened by colony hybridization using the 
above DNA probe. From the plasmid DNA harboured by one selected 
clone, various restriction fragments were subcloned mto M 13mpl8 or 
M13mp19, and sequenced using an automatic Pharmacia ALF se- 
quencer. Remaining gaps were filled by manual sequencing with syn- 
thetic oligonucleotides and [“S]dATPaS. 
2.4. Constructron of overproducing strains 
To obtain an efficient production of ttAspRS in E co/r, the tt asps 
gene was placed under the control of the tat promoter from the 
expression vector pKK223-3 (Pharmacia, Sweden). For this purpose, 
4 bases were mutagenized to create an EcoRI site 1 bp before the asps 
initiator codon. Then, the 1.75 kbp EcoRI-BarnHI fragment carrying 
the tt asps gene was subcloned between the EcoRI and HIndI sites 
of pKK223-3. 
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2.5. Purification 
After transformation of E coli strain JMlOlTR with the resulting 
plasmid, the recombinant thermostable protein could be easily puri- 
fied to homogeneity by a heat treatment followed by a single chromat- 
ographic step, as follows: E. co/i cells carrying the recombinant plas- 
mid were grown at 37°C in 5 x LB medium containing 200 &/ml 
ampicillin. When the optical density of the culture reached 0.6 at 650 
nm, IPTG was added at a final concentration of 0.2 mM and the 
culture continued for 12 h. After centrifugation, the cell pellet was 
suspended in a 50 mM Tris-HCl buffer (pH 8.0) containing 150 mM 
NaCl and 10 mM MgClz (10 ml of buffer per g of wet cells). Cells were 
disrupted by ultrasomcation and centrifuged for 25 min at 60,000 x g. 
Incubation of the supernatant at 65°C for IO mm. followed by a 
centrifugation at 60,000 x g for 25 mm, removed most E. coliproteins. 
The heat-treated extract was applied to a trtmethylaminoethyl ion 
exchange column (2 cm’ x 15 cm, flow rate 1 ml/min) equilibrated in 
50 mM Tris-HCl (pH 8.0) buffer containing 15 mM KCl. Proteins 
were eluted with a linear 15-500 mM KC1 gradient in the same buffer 
tRNA ammoacylation activity of AspRS in the vartous fractions was 
assayed and analysed by SDS-PAGE gels as descrtbed prevrously [8]. 
Fractions elutmg at 220 f 15 mM KC1 contained the activity. They 
were pooled and concentrated to 20 mg/ml m a 20 mM Tris-HCl 
buffer, pH 7.5, containing 100 mM KCl. using a Centricon apparatus. 
2.6. Crystalkation 
Crystallization was carried out using standard vapour diffusion 
technique at 15°C. with 15 ~1 drops of protein solution equilibrated 
against a 400 pl reservoir of precipitant solution 
3. RESULTS 
3.1. Sequence 
The comparison of the nucleotide sequences of the 
genes cloned from both strains (VKl and HBS) revealed 
only two differences (GAG in HB8 to GAA in VKl) 
without modification of the encoded amino acid se- 
quence. An open reading frame encoding a polypeptide 
of 580 amino acids with a calculated mass of 66,030 
daltons was found within a 1,761-bp HindIII~BumHI 
fragment. The first amino acids of this polypeptide ex- 
actly corresponded to those of the N-terminal sequence 
analysis of crystalline ttAspRS. The DNA sequences 
were deposited in the EMBL database with accession 
number X70943. 
3.2. Purification and crystallization 
The purification procedure described in section 2 pro- 
duced 20 mg of pure AspRS for cells obtained from one 
liter of the E. coli culture. As judged from SDS-PAGE 
analysis, the recovered protein was homogeneous (data 
not shown). While new crystals could be obtained using 
ammonium sulfate and PEG/NaCl as precipitant, for 
the sake of continuity with respect to the already en- 
gaged structure determination, the crystallization was 
attempted in sodium formate. In formate, large crystals 
are obtained using the macroseeding technique, after 
equilibrating drops containing 5 mg/ml protein, 2 M 
sodium formate, 50 mM Tris-HCl (pH 7.5) against 2 M 
sodium formate for 5 days. A single crystal, washed 3 
times in a 2 M solution of precipitant without protein, 
is introduced in the drop while the concentration of 
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Fig. 1. Amino acid sequence of ttAspRS. The sequence from ttAspRS was compared wtth those of other AspRS using the UWGCG software 
package. An ‘A’ under a residue indtcates its presence in both prokaryottc (tt, ec and ym) and eukaryotic AspRS; a ‘P’ Indicates that It is specifically 
prokaryotic. Putative secondary structure elements are indicated; ‘II’ stands for hehx and ‘E’ for /3 sheet; residues from the insertion domain are 
indicated by a ‘I’. 
formate in the well is raised to 3.4 M. Crystals grow for 
3 weeks and their final size reaches 400 x 200 x 150 ,um. 
These crystals belong to orthorhombic space group 
P2,2,21, with cell parameters a = 61.4 A, b = 156.1 A, 
c = 177.3 A and one dimeric molecule per asymmetric 
unit. They are very stable under an X-ray beam and 
diffract to a resolution beyond 2.2 A. 
4. DISCUSSION 
Sequence analysis indicated that ttAspRS actually be- 
longs to the sub-group formed by prokaryotic enzymes. 
Among prokaryotic enzymes (tt, ec and ym AspRS), 
24% of the residues are strictly conserved and 50% iden- 
tity is observed along the sequences of ttAspRS and 
ecAspRS. These conservations uggest hat prokaryotic 
745 
I I I 
168 n 54= 48 115 n 49 
93 73 
I 
180 93 = 26 
Fig. 2. Comparison of the orgamsation of a eukaryottc (y) and of a 
prokaryottc (tt) AspRS primary sequences. Dark rectangles indicate 
the three conserved motifs, the shaded region represents the prokar- 
yotic extra domain and the italicized numbers the length of the pol- 
ypeptide sequences in the proteins. 
AspRS share identical 3D structures. Significant simi- 
larities between prokaryotic and eukaryotic enzymes 
are observed over two-thirds of the sequence (Fig. 1). 
Regions of high conservation correspond: (i) to an N- 
terminal j? barrel, found in the structure of yAspRS and 
detected by structure prediction in the other aaRS of the 
same subclass (AsnRS and LysRS); and (ii) to the active 
site common to class I1 aaRS. An insertion sequence, 
located between motifs 2 and 3 appears to be character- 
istic of prokaryotic AspRS. This connecting peptide of 
approximately 155 amino acids (residues 265420) has 
the size of a structural domain. In yAspRS and other 
eukaryotic AspRS, the corresponding module having 
only 75 amino acids is located between residues 365 and 
440 (Figs. 2 and 3). 
Most residues involved in tRNA recognition and in 
catalysis are strictly conserved among prokaryotic and 
eukaryotic AspRS [19]. Amino acids, identified as im- 
portant for anticodon recognition in the structure of 
yAspRS have their counterparts in ttAspRS (F36 and 
E66). This suggests a common recognition mode of the 
anticodon, via a B barrel, for all AspRS. The three 
motifs characteristic of class II dimeric aminoacyl- 
tRNA synthetases are present. Motif 1 contains an in- 
variant structural proline at position 169. Invariant 
arginines at positions 223 and 531 from motifs 2 and 3 
interact with ATP [19]. Residues of the variable loop 
from motif 2 (E225 and F235) as well as the glycine-rich 
strand of motif 3, which are both involved in ATP bind- 
ing, are present. 
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Fig. 3. Model of the structures of ttAspRS based on that of yAspRS. The location of the msertlon domain between motifs 2 and 3 IS mdlcated 
by a circle Motifs 1, 2 and 3 are represented in black. 
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